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Introduction

Abstract

Marek’s disease (MD) is an important neoplastic disease of chickens caused by
the Marek’s disease virus (MDV), an oncogenic alphaherpesvirus. In this study,
dysbiosis induced by MDV on the core gut flora of chicken was assessed using
next generation sequence (NGS) analysis. Total fecal and cecum-derived sam-
ples from individual birds were used to estimate the influence of MDYV infec-
tion on the gut microbiome of chicken. Our analysis shows that MDV
infection alters the core gut flora in the total fecal samples relatively early after
infection (2-7 days) and in the late phase of viral infection (28-35 days) in
cecal samples, corresponding well with the life cycle of MDV. Principle compo-
nent analyses of total fecal and cecal samples showed clustering at the early
and late time points, respectively. The genus Lactobacillus was exclusively pres-
ent in the infected samples in both total fecal and cecal bird samples. The com-
munity colonization of core gut flora was altered by viral infection, which
manifested in the enrichment of several genera during the early and late phases
of MDV replication. The results suggest a relationship between viral infection
and microbial composition of the intestinal tract that may influence inflamma-
tion and immunosuppression of T and B cells in the host.

(Kim et al., 2012; Looft et al., 2012). The GI tract repre-
sents one of the primary sites of exposure to pathogens.

With advances in next generation sequencing (NGS),
there has been a substantial increase in our ability to
identify and understand gastrointestinal (GI) tract-associ-
ated microorganisms, and their potential influence on
human and animal health. For example, in human and
mouse models, microorganisms have been shown to
influence host immunity (Benson et al, 2009) by produc-
ing certain small molecules that help regulate the immune
system (Hooper et al, 2000, 2001; Mazmanian et al.,
2005; Round & Mazmanian, 2010; Arpaia et al., 2013),
obesity (Ley et al., 2005), inflammatory bowl disease
(Mazmanian et al., 2008), and colorectal cancer (Mar-
chesi et al., 2011).

Use of NGS technologies to answer objectives related
to the influence of host immunity and microbiomes have
also permeated into agriculturally relevant animal models
such as the cattle rumen (Hess et al., 2011) and swine gut

Published 2014, This article is a U.S. Government work and is in the
public domain in the USA

In this highly reactive environment, infections can threa-
ten the homeostatic relationship between the host and its
flora. Acute mucosal infections are also characterized by
significant shifts in the microbiota, a phenomenon known
as dysbiosis. Presently, the dysbiosis hypothesis suggests
changes in health are due to alterations in the structure
of the microbial community in the environment (Spor
et al., 2011). GI tract infections can also promote expan-
sion of commensals with inflammatory potential, referred
to as pathobionts that can directly exacerbate the patho-
logical process (Egan et al., 2012).

MareK’s disease (MD) is a lymphoproliferative disease
of chickens caused by Marek’s disease virus (MDV; or
Gallid herpesvirus 2). The virus targets lymphoid tissue
such as the bursa of Fabricius, thymus, and spleen, where
it infects B and T cells (Schat & Nair, 2008). The
pathological characteristics of MD include mononuclear
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infiltration of the peripheral nerves, gonads, iris, various
viscera, muscles, and skin. Susceptible chickens develop
CD4" T-cell tumors in visceral tissues and enlarged
nerves resulting in paralysis, blindness, and eventually
death. Due to the persistent nature of the virus in the
feather dander shed from MDV-infected birds, all com-
mercial chickens are exposed at a very early age. As a
consequence, MD costs the worldwide poultry industry
$1-2 billion annually due to condemnation of broilers
(meat-type) and reduction in egg production in layers
(egg-type) (Morrow & Fehler, 2004).

Little is known about the interaction of viruses on the
microbiome, and is presently an area of active research in
human and other animal models (Minot et al, 2011).
There is limited literature on the effects of MDV on gut-
associated lymphoid tissue (GALT), the lymphoid tissue
that is associated with the intestinal tract in chicken and
a major regulatory of immune function associated with
the GI tract. The chicken has several lymphoid tissues
that are located in or close to the GI tract that play a role
in the immunity of the bird. These immune lymphoid tis-
sues include in addition to the pharyngeal tonsil, the
bursa of Fabricius, thymus, and a number of diffused
lymphoid tissues located in various regions of the GI tract
such as the esophagus, proventriculus, duodenum, cervix,
rectum, a pyloric tonsil, Peyer’s patches, Meckel’s diver-
ticulum, and cecal tonsils (Lillehoj & Trout, 1996).

The objective of this study was to employ NGS on total
fecal and cecal samples from individual birds during vari-
ous times after viral infection to determine whether MDV
infection causes dysbiosis in the core gut flora in chicken.
And if there are changes in gut flora of the chicken, do
these changes correspond to specific areas of the gut or
specific genera? Results from this study would provide an
initial basis for understanding the interaction between
MDYV and the chicken microbiome,

Materials and methods

Chicken and viruses

A total of 80 Avian Disease and Oncology Laboratory
(ADOL) 1515 x 7; line, maternal antibody negative
chicks (day 0) were randomly allocated to four Horsfall-
Bauer (HB) units, with each unit containing 20 chicks.
The HB units were in close proximity (uninfected and
infected treatments) to each other to lessen environmental
variation and room effects between the treatments. The
HB was provided nonsterile air, which was devoid of par-
ticulates (negative pressure), and chicks were given free
access to nonsterile antibiotic free food and water
throughout the experimental time period. For the infected
treatment group, 40 birds were injected in the perito-
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neum with 2000 PFU of MDV (Md5 strain, passage 7, a
very virulent (vv) pathotype of MD) at day of hatch
(0 day). The remaining 40 birds were classified as unin-
fected and served as controls. All experiments were
approved by USDA-ADOL Animal Care and Use Com-
mittee (ACUC). The ACUC guidelines established and
approved by the ADOL ACUC (April 2005) and the
Guide for the care and use of Laboratory Animals by
Institute for Laboratory Animal Research (2011) were clo-
sely followed throughout the experiments.

Chicken fecal and tissue sample collection

Two types of fecal sampling strategy were used for data
collection. In the first strategy, total fecal samples (pooled
from two HB with similar treatments) were collected
every day from 2 to 7 days of age from uninfected and
MDV-infected treatments. After this initial sampling per-
iod, total fecal sampling was done once a week for
4 weeks, For collecting total fecal samples, sterile weigh
boats were left in isolators for a period of 46 h and bird
droppings collected. Samples were pooled, homogenized,
and a representative portion put into sterile 2 mL centri-
fuge tubes for storage at —80 °C.

The second fecal sampling strategy involved invasive
sampling (cecal sampling) once a week starting at 14 days
to end of the experiment (35 days). For invasive sam-
pling, five random birds from each treatment were eutha-
nized. The chicken cecum was sampled c. 2 cm above the
cecal tonsils by making an incision. The contents of ceca
were collected into a sterile tube containing lysis solution
as previously described (Yu & Morrison, 2004). A second
incision was made upstream to allow passing of lysis
solution to remove adherent microorganisms from the
ceca wall. Tubes were immediately frozen and stored at
—20 °C.

Chicken tissue samples (spleens and ceca) were also
collected from euthanized birds from each treatment and
immediately stored in tubes containing RNAlater (Ambi-
on, Austin, TX) and processed as per the manufacturer’s
protocol.

Birds that died during the nonsampling dates were
examined via necropsy and scored for signs of MD,
including tumors and nerve enlargement. Deaths within
the first week of the experiment were classified as chick
mortality.

Estimation of in vivo MDV replication by
quantitative PCR (qPCR)

To validate the presence of MDV in the infected birds,
quantitative PCR (qPCR) was performed on two tissue
samples derived from invasive sampling of chicken. Total
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DNA from chicken splenic and cecum tissue were isolated
using the QIAamp DNA Mini kit (Qiagen, Valencia, CA)
as per the manufacturer’s protocol. Duplicate tissue sam-
ples were extracted for DNA, quantified using a Nano-
drop ND-1000 (Thermo Fisher, Waltham, MA), and
further verified by 1% agarose gel electrophoresis. The
extracted tissue DNA was stored at —20 °C and used for
all subsequent qPCR reactions.

Amplifications were performed using a multiplex PCR
using the ABI 7500 Real-Time PCR System (Applied
Biosystems Inc., Foster City, CA) using the TagMan
chemistry. Primers and probes used were previously
designed (Gimeno et al., 2008), and target MDV ULZ27,
which encodes gB, and chicken glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). All 25 pL reactions consisted of
2.5-5 ng of template DNA, 1 pmol TagMan probe, and
10 pmol of each primer. PCR was preformed in dupli-
cates for every bird sample and results reported as the
ratio of MDV gB copies per GAPDH copy, estimated
using standard curves consisting of 10-fold serial dilutions
of plasmids containing either MDV gB or GAPDH. Sta-
tistical analysis of QPCR analysis was performed using a
3-way aNova with a Tukey’s HSD post hoc test by com-
paring Least Square (LS) Means between samples. P val-
ues were corrected for multiple corrections.

Microbial DNA extraction and PCR

Microbial DNA was extracted in duplicates from 50 to
75 mg of starting fecal or cecum material for each extrac-
tion using a protocol comprising of bead beating and col-
umn purification (Epoch Life Sciences, Sugar Land, TX),
as previously described (Yu & Morrison, 2004). All
reagents used in the DNA extraction were either made as
per the described protocol (Yu & Morrison, 2004) or
commercially obtained (Qiagen), and replaced at appro-
priate steps. DNA was quantified using a Nanodrop
ND-1000 (Thermo Fisher), and run on a 1% agarose gel
to verify and DNA from samples were combined and
used for all subsequent PCR amplifications.

The V6 hypervariable region of the 165 rRNA gene was
used as a marker for amplifying the chicken microbial
population. The primers and protocol for amplifying the
165 rRNA-V6 gene marker have been described previ-
ously (Gloor et al., 2010). The modified platform specific
amplification primers for the Ion Torrent sequencer (Life
Technologies, Grand Island, NY) was synthesized that
contained a unique 8-mer oligonucleotide tag (Hamady
et al., 2008) attached to the reverse primer. To generate
amplicons for sequencing, a single step 25 pL. PCR was
performed for each sample and time point that contained
¢. 75-100 ng purified bacterial genomic DNA, 200 pumol
dNTPs, 2.5 mM MgCl,, 10 pmoles of each primer, and
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0.25 units Phusion high-fidelity Taq polymerases (NEB,
Ipswich, MA). Twenty PCR cycles were run on a PTC-
200 thermocycler (M] Research Inc., Watertown, MA).
All PCR reactions were carried out in duplicates and visu-
ally confirmed by agarose gel electrophoresis. Individual
barcoded PCR products were purified, quantified using a
Nanodrop ND-1000 (Thermo Fisher), and then combined
at equimolar concentrations for sequencing,

A 318 Ton Torrent chip (Life Technologies, Guilford,
CT) was used to perform the amplification at the Michi-
gan State University Research Technology Support Facility
(www.rtsf.msu.edu). An emulsion PCR was setup for 100
cycles and the final FASTQ format file was then used for
analysis of the data.

Phylogenetic analysis

Sequence analysis was performed using Mothur (version
1.30.2) (Schloss et al, 2009) and Quantitative Insights
into Microbial Ecology (QIIME) pipelines (version 1.7.0)
(Caporaso et al., 2010b) using default parameters, unless
otherwise noted. Using Mothur, Ion Torrent-derived
FASTQ sequences were first screened for quality using
the following parameters: minimum quality score of 25,
minimum sequence length of 50 bp, no ambiguous bases
in the entire sequence, and up to one mismatch in the
primer sequence. Reads not meeting these parameters
were excluded from downstream analyses. Sequences
were then sorted by barcode into respective samples, and
the barcode and primer sequences trimmed from the
FASTQ files. Sequences were renamed using a custom
Perl script and the resulting FASTA sequences then
imported to QIIME for further analysis. The sequences
were assigned operational taxonomic units (OTUs) using
the reference with de novo based approach using
UCLUST (Edgar, 2010) at 97% identity against the
Greengenes database (version 13.4) (DeSantis et al.,
2006). A representative sequence for each OTU was cho-
sen as the centroid of each cluster, and these representa-
tive sequences were aligned using PyNAST (Caporaso
et al., 2010a). A phylogenetic tree was constructed using
the FastTree program (Price et al., 2009) for use in phy-
logenetic diversity calculations. Taxonomy was assigned
using naive Bayesian RDP classifier (Wang ef al, 2007)
against the Greengenes database at a 0.50% similarity
from the reference set on the basis of identification as
chimeric via ChimeraSlayer.

Alpha diversity was computed using the full data set ata
sampling depth of 14 780 sequences per sample in the total
feces (pooled) and 4543 sequences for individual bird ceca
samples at each time point. Bray—Curtis and UniFrac
(Lozupone & Knight, 2005) (weighted) distances were
computed between all samples at a similar subsampling.
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Principal coordinates analysis (PCoA) was applied to
visualize the differences between the infected and unin-
fected samples vs. days. Changes in bacterial abundance
were compared using an aNovAa and two-tailed Student’s
t-test to find significance of OTU estimates, Bonferroni
correction was applied in all statistical tests to account
for multiple comparisons.

Results

Quantification of MDV in chicken tissues

MDYV genomes were detected in the infected birds sam-
pled at 14, 21, 28, and 35 dpi (Fig. 1) by qPCR. A 3-way
ANOVA was performed to test for statistical differences in
MDV copy numbers between the sampling time points
and tissue types (spleen vs. ceca). The age-matched unin-
fected birds were negative for the presence of MDV in
both tissue types (P < 0.001). Moreover, both splenic and
ceca samples showed detectable copies of MDV at all
sampling points but with no statistical correlations
between tissue types. The differences in MDV copy num-
bers were significantly different between the splenic and
cecal tissue samples (P < 0.001), with splenic tissue hav-
ing greater copies at 14 dpi. There were differences in the
relative copies of MDV over the sampling time period,
which was influenced by the tissue type. For example, day
14 splenic tissues had significantly more copies of MDV
over other splenic tissue for all time points or tissue types
(P < 0.001).

303

Alpha and beta diversity of total feces in
uninfected and MDV-infected birds

For the total feces, a minimum sampling size of 14 780
sequences per time point/treatment was used for the esti-
mation of OTUs, alpha diversity, and beta diversity. At
the phyla level, irrespective of treatment or days, the total
sequences in uninfected (Supporting Information: Fig.
Sla) and MDV-infected (Fig. S1b) treatments were classi-
fied into three major phyla, namely Firmicutes, Proteobac-
teria, and Cyanobacteria. In the uninfected treatment (Fig.
Sla), an average of 72% and 16% of the sequences were
classified as either phylum Firmicutes or Proteobacteria,
respectively. The relative abundance of sequences assigned
to phylum Firmicutes ranged from a maximum 13 678
sequences or 97.73% on day 2 to a minimum of 2156
sequences or 15.47% on day 7. Phylum Proteobactetia, the
second most abundant phyla, ranged from 14 to 11 410
sequences, with the lowest percentage (0.10%) on day 2
and highest percentage represented at day 7 (81.50%),
respectively. Phylum Cyanobacteria, the third highest
phyla had a range of 42-3206 sequences with percentages
ranging from 0.03% (day 35) to 22.90% (day 6),
respectively.

In the infected treatment, (Fig. S1b), an average of
75% of the sequences at all days were classified as phylum
Firmicutes with the highest number of Firmicutes
sequences associated at day 14 (13 651 or 94.80%). Phy-
lum Proteobacteria, the second most abundant group in
the infected treatment, ranged from 144 to 11 116

ac

Relative no. of copies gB/GAPDH

_ 0o _

-0

BH =

Ceca Spleen Ceca Spleen Ceca Spleen Ceca Spleen Ceca Spleen Ceca Spleen Ceca Spleen Ceca Spleen

IN UN IN UN N UN IN UN
14 21 28 35
Days post infection (dpi)

Fig. 1. Relative copy numbers of MDV genomes in splenic and cecum chicken tissues at 14, 21, 28, and 35 days postinfection (dpi) as measured
by gPCR. IN represents the infected samples and UN represents the uninfected samples. Data are represented as outlier boxplots with whiskers
that represent 1.5x interquartile range (IQR) and potential outliers are represented as black points. A 3-way anova was used to determine
statistical differences between the dpi, tissue types, and status of infection and significance is represented by the presence of an alphabet on the
sample. ‘a’ represents significant difference on MD genome copy number between spleen samples on sampling days (infected vs. uninfected)
across all days. ‘b’ represents the significant differences between the ceca samples (infected vs. uninfected) across all days, and ‘c’ represents
significant differences between the two tissues spleen and ceca across at 14 dpi time point.
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sequences ranging from 1.00% at 21 days to 77.20% at
2 days. Day 5 had the highest number of sequences (849
or 5.30%) associated with phylum Cyanobacteria that
went down to 43 (0.30%) on day 7.

The rate and order of colonization of the two domi-
nant phyla, Firmicutes and Proteobacteria, were inverse to
each other in the uninfected and infected treatments
between 2 and 7 days (Fig. S1). In the uninfected treat-
ment, there was early colonization by phylum Firmicutes
on day 2, with progressive increase in sequences associ-
ated with phylum Proteobacteria over the sampling time,
which peaked at 7 days. In contrast, in the infected treat-
ment, initial colonization was associated with phylum
Proteobacteria and was gradually replaced by sequences
associated with phylum Firmicutes. This phenomenon was
observed only during the first 7 days, after which there
appeared to be no differences in the colonization in the
total fecal samples.

As there were no significant differences at the phyla
level, a more detailed analysis on the genera level differ-
ences were performed. At the genus level, the sequences
were classified at 97% sequence identity into ¢ 175
OTUs, of which genera > 1% in either treatment (unin-
fected and infected) was used for further analysis (Fig, 2a
and b). At the > 1% representation, 21 OTUs were repre-
sented in uninfected or infected treatment and the

-
D
b
o
8

nera
Bacteria_Other
Btwlla

-
(2]

lrnicul» Cinﬁridﬂhe Olher

’ Firmi '%‘Ruﬂnml
mew’%mpmmm g_Olher
Firmicud mmaﬁﬂ
Laciobacilius

B Protbocions- Caminraraoacana. Dhor

| Ruminococous

n
o

Salmonella
/| Sparosarcing
Turicibactor

Relative abundance (% of sequences)
3

2345671421283
Age of birds (days)

S. Perumbakkam et a/.

remainder sequences were reclassified as ‘Genera_Other’.
Although the majority of the genera were present in both
uninfected and infected treatments, there were exceptions
as a few genera were exclusively present in one or the
other treatment. To observe changes in OTUs in relation
to infection status, relative abundance, and age of birds,
heatmaps were plotted with the data for uninfected (Fig.
S2a) and MDV-infected treatments (Fig. S2b).

To identify changes in abundance levels of genera asso-
ciated with the type of treatment, the data were reana-
lyzed and regrouped at both the phylum (data not
shown) and genera level (Fig. 3) as early (2-7) days, mid-
dle (14-21) days, and late (28-35) days in uninfected and
MDV-infected birds. Data analysis showed significant dif-
ferences (P < 0.005) at the genera level among uninfected
and MDV-infected samples across tissues and time sam-
ples (Table 1). This reclassification lead to three scenarios
in which bacteria were found, namely (1) OTUs present
in both treatments, (2) OTUs exclusive to either unin-
fected or infected, and (3) OTUs present in both treat-
ments but at significantly different ratios. Five genera
were found significant in the early time point, four in the
middle, and one in the later time point. Moreover, genera
Sporosarcinia and Turicibacter were significantly present
in higher numbers in the middle time point compared
with the early and late time points. Certain genera, such

® 100

75

Relative abundance (% of sequences)
xR =

2345671421283
Age of birds (days)

Fig. 2. Bacterial communities of total fecal samples from chicken at the phyla level. Data were analyzed using QIIME and phyla numbers > 1%
was plotted. The x-axis represents the sampling time points (days) and y-axis represents the relative abundance of sequences. Panel a) represents
uninfected chicken total fecal samples, and panel b) are samples from chickens challenged with MDV and days represent, days postinfection
(dpi).
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Fig. 3. Bacterial communities of total feces
from chicken recategorized as early

(27 days), middle (14-21 days), and late (28—
35 days) time points in uninfected and MDV-
infected samples at the genera level. Data
were analyzed using QIIME and genera > 1%
were plotted. The x-axis labels describe the
treatment uninfected (UN) or MDV-infected o
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as Haemophillus (8.00%) and Lactobacillus (3.80%) were
present exclusively in the infected treatment and Sporasar-
cina (11.30%) was exclusive to the uninfected treatment.
Certain genera were present in higher ratio between the
two treatments. For example, Salmonelln represented
13.30% of the sequences in the uninfected treatment but
were present at a small percentage (0.90%) in the samples
from infected birds. Turicibacter and sequences associated
with associated Gammaproteobacteria were higher in the
infected (5.90% and 8.40%) when compared to the unin-
fected treatments (0.20% and 0.30%), respectively.

The total average number of observed OTUs in the
uninfected and infected samples was estimated to be
928.88 and 957.06 OTUs, respectively (Table 2). Observed
OTUs gradually increased from day 2 to 35 in both
infected and uninfected treatments, with most OTUs
found on day 35 in the infected sample (Table 2). There
were no correlations in increased OTUs corresponding to
days in the uninfected and infected treatments (Fig. S3).
The average estimated OTUs between the uninfected and
infected treatments were 2156.95 and 2012.12 OTUs,
respectively (Table 1); showing no significant difference
in the OTU estimate based on control and MDV chal-
lenged birds. The estimated OTUs showed a bimodal dis-
tribution similar to the observed OTUs (Fig. S4).

Early(UN) Eatiy(IN) Middis{UN) Miodie(IN) Lale{UN)
Age of birds (days)

Lese(IN)

PCoA using Bray—Curtis distances calculated using
QIIME of 14 780 sequences per sample showed that the
uninfected and infected communities start off as different
communities during the early (2-7 days) colonization
process (Fig. 4, group 1). As time progressed (14—
35 days), the infected community became more similar
compared to the uninfected treatment (Fig. 4, group 2).
To see whether relative abundances of OTUs played a
part in the clustering patterns rather than the presence or
absence, weighted UniFrac analysis was performed (Fig.
S5). The early time points (2, 3, and 4 days) in both the
uninfected and infected treatments clustered differently
showing that relative abundance of OTUs was different
between the early time period (2-4 days) and the later
time period between the treatments. Later time points did
not show differences and the data clustered to form a sin-
gle group suggesting there were fewer differences in the
abundance within the treatments.

Alpha and beta diversity of ceca samples in
uninfected and MDV-infected birds

At 14, 21, 28, and 35 days, five birds from each treatment
were invasively sampled and contents of their ceca col-
lected, DNA extracted, amplified using 16S rRNA gene—

Table 1. anova analysis of total feces obtained from uninfected and MDV-infected birds regrouped as early (2-7 days), middle (14-21 days), and
late (28-35 days) time periods. Both within time period and across time period analysis was performed and data reported are significant OTUs
(P < 0.005) after Bonferroni correction for multiple testing. * Indicates across time-point significant OTUs.

Early (2-7 days)

Middle (14-21 days) Late (28-35 days)

Uninfected Infected Uninfected Infected Uninfected Infected
Salmonella Firmicutes_Clostridiales_Other Sporosarcina* Turicibacter* Faecalibacterium
Sporosarcina Proteobacteria_Gammaproteobacteria_Other Lactobacillus

Haemophilus Clostridium
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Table 2. Phylogenetic analyses of MDV uninfected and infected birds at days post infection (dpi) of total fecal samples. Estimated, observed
OTUs, Shannon, and Simpson indices were calculated at 97% using QIIME and tabulated

DP| Treatment Estimated OTU's
2 Infected 1413.68
2 Uninfected 849.75
3 Infected 1995.27
3 Uninfected 2513.98
4 Infected 2133.21
4 Uninfected 2260.26
5 Infected 2608.95
5 Uninfected 2766.41
6 Infected 1830.81
6 Uninfected 2079.58
7 Infected 1978.32
7 Uninfected 1840.34
14 Infected 1542.34
14 Uninfected 1327.05
21 Infected 2426.65
21 Uninfected 2564.04
28 Infected 2747.39
28 Uninfected 1148.94
35 Infected 2892.85
35 Uninfected 2770.88

PCoA - PC1 vs.PC2
T T

0.4 1

0.3 |

0.2k

0.1

PC2 - Percent variation explained 14.15%

-0.5 1 1 1 1
-0.6 -0.4 -0.2 0.0 0.2

PC1 - Percent varlation explalned 15.96%

0.4

Fig. 4. PCoA analysis of total fecal samples of chicken when
challenged with MDV. Blue squares represent uninfected samples and
red circles represent infected samples. Group 1 represents the early
2-7 days sampling time periods in the infected samples and group 2
represents the clustered time points (14, 21, 28, and 35 days) in both
uninfected and MDV-infected samples.

V6 primers, sequenced, and the data analyzed as
described. A total of 4543 sequences from each bird
sample/time were used for the classification and analysis
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Observed OTU's

Shannon Index Simpson Index

638.40 B¥S 0.78
449.90 2.04 0.42
875.50 4.73 0.88
1107.20 6.24 0.95
895.60 6.16 0.96
946.00 6.12 0.96
1029.20 5.82 0.95
1075.20 5.86 0.94
817.00 4.59 0.88
932.10 =HiE] 0.94
1036.70 5.50 0.89
839.40 4.10 0.78
718.40 4.31 0.82
653.70 3.03 0.57
1019.00 6.60 0.96
1142.60 6.71 0.96
1271.70 7.46 0.97
597.70 3.69 0.82
1269.10 6.42 0.95
1545.00 7.68 0.98

process. At the phyla level, irrespective of treatment or
days, the total sequences from individual bird samples
(Fig. S6) in uninfected and MDV-infected treatments, or
from data averaged by time point (Fig. 5), were classified
into major phyla, namely Firmicutes and Proteobacteria,
with few belonging to unclassified bacteria represented as
‘Bacteria_Other’. The relative abundance of phylum Fir-
micutes ranged from c. 33.90% to 85.50% in the unin-
fected treatment and from 65.30% to 94.60% in the
infected treatment. Phylum Proteobacteria ranged from
0.10% to 58.60% in the uninfected and 0.00% to 24.70%
in the infected treatments. There was a sizeable portion
of unclassified bacterial sequences in both uninfected
(6.40-24.70%) and infected (5.30-30.40%) treatments,
respectively.

At the genus level, 4543 sequences were classified at
97% sequence identity into ¢. 65 OTUs of which OTUs
> 1% in either treatment (uninfected or infected) was
used for further analysis (Fig. S7). At the > 1% represen-
tation, 16 OTUs were represented in uninfected or
infected treatment, and the reminder were reclassified as
‘Genera_Other’. Heatmaps were used to visualize the pat-
terns of abundance and occurrence of OTUs in both
uninfected (Fig. $8a), and infected treatment (Fig. S8b) in
the cecum.

To identify abundance level of genera associated with
the type of treatment, the data were reanalyzed and
regrouped as mentioned in the total fecal sample analysis
section. The days were regrouped with sampling days 14
and 21 regrouped as middle and days 28-35 was grouped
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Table 3. Phylogenetic analyses of MDV uninfected and infected birds at 14, 21, 28, and 35 days post infection (dpi) in cecum samples.
Estimated, observed OTUs, Shannon, and Simpson indices were calculated at 97% using QIIME and tabulated

DPI Treatment Estimated OTU's
14 Infected 904.86
14 Uninfected 879.57
21 Infected 632.19
2l Uninfected 734.54
28 Infected 776.88
28 Uninfected 1023.11
35 Infected 1003.36
35 Uninfected 996.27

as the late time point, similar to the total fecal analysis as
middle and late time points (Fig. 6). Most genera were
present in both the uninfected and infected treatments
except for genus Lactobacillus (3.10%), which was present
exclusively in the infected treatments. Certain genera were
present in higher ratios between the two treatments. For
example, genus Faecalibacterium represented 6.20% of the
sequences in the late time point but was present at a
small percentage (1.50%) in the corresponding uninfected
time point.

The total average number of observed OTUs in the
uninfected was estimated to be 414.66 and 531.95 in the
middle and late time points, respectively (Table 3). In the
infected treatment, a total of 390.58 in the middle and

—
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Firmicutes_Olher
Firmicules Ruminococcaceas_Other

»n
24

Relative abundance (% of sequences)
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Observed OTU's Shannon Index Simpson Index

441.47 5.95 0.93
438.95 5.94 0.94
339.62 5.10 0.91
406.20 5.82 0.93
407.20 5.72 0.93
538.47 6.76 0.97
517.70 6.37 0.85
520.13 6.71 0.97

454,92 OTUs in the late time point were observed. There
were significant differences (P < 0.05) in the alpha diver-
sity between middle and late time point between the
uninfected treatments. Similar significance (P < 0.05) was
observed between uninfected late and infected middle.

Estimated OTUs in the cecum ranged from 757.04 to
876,13 OTUs in the infected samples and from 769.67 to
1024.94 OTUs in the uninfected birds. There were signifi-
cant differences in the estimated OTUs (P < 0.05)
between uninfected middle and late time points. Diversity
index such as the Shannon index was significant
(P < 0.05) between uninfected middle and late, unin-
fected late and infected middle, and between infected late
and uninfected late (data not shown).
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Fig. 5. Bacterial communities of cecum samples from chicken at the genera level. Data shown were averaged based off individual bird samples
at 14, 21, 28, and 35 days time points in uninfected and MDV-infected samples using QIIME. Genera numbers > 1% was plotted for both
treatments and the x-axis labels describe the sampling time points. The y-axis represents relative abundance at sequences as percentages. Panel
a) represents uninfected chicken samples at mentioned sampling points and panel b) are samples from chickens challenged with MDV and days

represent, days postinfection (dpi).

FEMS Microbiol Ecol 90 (2014) 300-312

Published 2014. This article is a U.S. Government work and is in the
public domain in the USA



308

Faecalibacterium
Firmicules_Bacilli_Other

S. Perumbakkam et al.

Firmicules_Other

Relative abundance (% of sequences)
3

Mlddl'a(UN) Mdd;e(IN) La!eI(UN) Lele'(lN)

Age of birds (days)

PCoA - PC1 vs.PC

T T T T

04 T T

PC2 - Percent variation explained 12.53%

=03

—0.4 1 1 L \ I L L
-04 -03 -02 -01 00 01 02 03 04 0S5

PC1 - Percent varlation explalned 22.40%

Fig. 7. PCoA analysis of cecum samples of chicken when challenged
with MDV. Blue squares represent uninfected samples and red circles
represent MDV-infected samples. Group 1 represents the middle
sampling time periods (14-21 days) in the both the uninfected and
MDV-infected samples, group 2 (red circles) represents the late time
period (28-35 days) remaining in the MDV-infected samples, and
group 3 (blue squares) represents the late time period (28-35 days) in
the uninfected birds.

PCoA using Bray—Curtis distances calculated using
QIIME of 4543 sequences per sample showed that the
uninfected and infected communities harbor characteristic
communities of bacteria that differ from one another
(Fig. 7). The treatment days formed three groups. The first
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Fig. 6. Bacterial communities of cecum
samples from chicken recategorized as middle
(14-21 days) and late (28-35 days) time
points in uninfected and MDV-infected
samples at the genera level. Data were
analyzed using QIIME and genera > 1% were
plotted. The x-axis labels describe the
treatment uninfected (UN) or MDV-infected
(IN), and the y-axis represents relative
abundance at sequences as percentages.

group consisted of 14- and 21-day samples from both
uninfected and infected. As time progressed, the commu-
nity shifted to form two other distinct groups, which repre-
sented the uninfected treatment (group 2) and the infected
treatments (group 3) at 28 and 35 days, respectively.

The weighted UniFrac analysis (Fig. S9) showed no dis-
tinct pattern to the clustering between uninfected and
infected treatments, validating that the presence/absence
of certain genera were responsible for this shift in the
cecal microbiome.

Discussion

There has been an increased focus to study the effect of
immunity and its association with core gut flora using
animal models (Atarashi et al., 2013). This study repre-
sents one such attempt to define the effect of dysbiosis as
a component of virus infection on the host microbiome
in chicken.

On the microbial front, most available data on the
community structure found in the chicken gut was
acquired using traditional culture-based methods (Scup-
ham, 2007). Based on available data, the chicken gut has
flora comprised of bacteria (Scupham, 2007), methano-
genic archaea (Saengkerdsub et al, 2007), fungi (Ok-
ulewicz & Zlotorzycka, 1985), viruses (Qu et al,, 2008),
and a few protists (Okulewicz & Zlotorzycka, 1985).
Although these traditional culture-based studies have
been done in past decade, there is good congruence with
data generated using NGS techniques (Qu et al, 2008).
In general, the bacterial population of the chicken gut is
mainly comprised of phyla Firmicutes, Proteobacteria, and
Bacteroides (Qu et al., 2008).
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The GI tract represents one of the primary sites of
exposure to pathogens (Molloy et al., 2013) and the regu-
lation of immunity. Chicks inoculated at day of hatch
(0 days) and sampled for meconium, yielded no micro-
bial load (data not shown) suggesting that birds are
hatched sterile and colonization of the GI tract happens
through environmental exposure such as air, feed, and
water. Moreover based on the data, there is a possibility
that the chicken gut is compartmentalized and colonized
by different groups of bacteria. This is evident by the
overlap of OTUs, between the total fecal and cecum pop-
ulations. Fourteen OTUs overlapped between the two
sampling tissues irrespective of time. Nine OTU’s were
exclusive to the total fecal samples, and surprisingly, 3
OTUs were found exclusive to cecum population (Fig.
$10). Although the total fecal samples were sampled at
higher number compared to cecum samples (14 780 vs.
4543 sequences), there was exclusion of few genera
namely, Moryella and sequences associated with Firmi-
cutes_Erysipelotrichaceae_Other, suggesting either there is
a time based shedding behavior in chicken or these bacte-
ria are attached to the cecum walls and do not disassoci-
ate. The rate of colonization in the uninfected chicken
gut is bimodal (Fig. S4) suggesting that some internal
metabolic/hormonal switch bottlenecks the abundance of
bacteria at 7-14 day period, after which colonization con-
tinues normally. The exact mechanism or the causative
action for this bottlenecking is unknown or unlikely
could be a sampling anomaly. Although the uninfected
controls at day 7 had sequences belonging to Salmonella
sp., independent analysis revealed that these sequences
were not associated with Salmonella pullorum, a potential
chicken pathogen.

Based on the ‘Cornell Model’ for the MDV life cycle
(Calnek et al., 1984b), MDV has a complex replication
cycle and goes through four phases namely, early cytolytic
phase (2-7 days), latent phase (7-10 days), late and
immune suppressive phase (18 days and above), and a
proliferative phase (28 days and later). MDV causes
severe immune suppression characterized by prolonged
thymic and bursal atrophy (Calnek et al, 1998), and a
variety of inflammatory neurological syndromes such as
nerve enlargements and classical transient paralysis
(Witter et al., 1999). The exact molecular mechanism for
the above-mentioned pathological conditions are
unknown, it is established that a correlation exists
between virulence of a strain and its prolonged cytolytic
infections (Jarosinski et al., 2005).

Although the natural route of MDV infection is
through the respiratory tract, we chose to use intraperito-
neal route to infect chicks in this experiment. In nature,
during the proliferation stage of the virus cycle, the virus
is transported to the feather follicles by T lymphocytes
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and enters the environment as dander. This dander is
infective and when inhaled by susceptible birds and
causes MD. The natural route of MDV infection was not
chosen in this study due to inability to deliver precise
quantities of MDV to the birds using dander, which have
resulted in large variations and thus more complexity in
the interpretation of results. As MDV targets the immune
system, specifically T lymphocytes, the manifestation of
the disease to alter the immune system is likely due to
the established link between the immune system and mi-
crobiome. Due to this microorganisms-immune link, we
feel that irrespective of the origin of virus entry, the mic-
robiota of the chicks will be affected due to MDV,

Based on our results, MDV has an influence on the
total core gut flora in chicken at the early cytolytic phase
(2-7 days) and in the late proliferative phase (28—
35 days) in the cecum samples. We validated the presence
of MDV genomes in both the cecum and splenic tissue
from both MDV-infected and uninfected chicks thus pro-
viding further evidence on the effect of MDV on the
cecum. MDV infects both B and T lymphocytes in the
early cytolytic phase, with significantly more B cells
infected than T cells. The infected B cells then activate
the T cells, thereby making them available for infection
(Calnek et al, 1984a). Moreover, during the early cyto-
lytic phase, events such as the production of viral pro-
teins such as pp38 and the integration of viral genome to
the host have been shown to occur in most secondary
lymphoid tissue such as the GALT and cecum tonsils
(Baigent & Davison, 2004). There was no correlation
between the MDV copy number between the cecum and
spleen samples, This absence in correlation between the
two tissue types (spleen vs. cecum) could be due to the
disparity in the size of these organs, and relative composi-
tion of these tissues,

We chose the cecum as a specific site for studying the
influence of MDV due to the presence of a specific
immune tissue of the GALT system, namely cecal tonsils,
forming a strategic immunological gateway for the trans-
port of food, movement of microorganisms, and immune
cells, Early sampling of the cecum was not possible due
to logistics and the size of the chicks. The cecum samples
showed no differences in community structure in the
middle sampling points of the infection (14-21 days).
Late sampling time points (28-35 days) formed two dis-
tinct groups (Fig. 6, groups 2 and 3) that clustered well
within the infection status, providing evidence that there
were differences in the community structure in the ceca.
At 28-35 days, the virus is in its proliferative cycle, ready
to spread to new hosts and cause reinfection. Due to the
immune suppressive and inflammatory aspect of MDYV,
changes in the cecal microbiome could be delayed due to
the viral replicative cycle. Another possibility could be a
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delayed reaction caused by the immune system to account
for the necessary changes to the microbial communities
of the cecum. We are presently looking at the gene
expression in the cecal tonsils as a complement of viral
infection.

In mammals, the phylum Firmicutes is associated with
regulation of the inflammatory immune response (Atar-
ashi et al, 2013). We observed changes in this phylum
that are suggestive that a similar regulation may occur in
the chicken immune system. Based on mouse models,
microbiota is thought to play an important role in the
CD4" T-cell differentiation. During an infection, micro-
bial and host signals provide the necessary signal to naive
CD4* T cells to induce their differentiation into various
pro- and anti-inflammatory subsets. For example, infec-
tion by intracellular pathogens drives the development of
T helper cells (Thl), whereas extracellular pathogens
induce the differentiation of Th2 and Th17 subsets of the
T-cell population (Bettelli et al., 2006; Lee & Mazmanian,
2010). During microbial infection, the activity of the
immune system and especially the T cells are controlled
by regulatory T cells (Tyegs). Furthermore, T, are regu-
lated by a specific transcription factor, Foxp3 (forkhead
box P3) that induces regulatory phenotypes and functions
by CD4* T cells (Fontenot et al., 2005). Although chicken
has been a classical developmental biology and immunity
model, especially for B cells, little is known about T-cell
regulation and the role of T due to the absence of
Foxp3-like sequences, leading one to assume that other
similar regulatory factors have to be present that act as
analogues for the control of T cells. Perhaps, induction of
immune regulatory mechanisms in response to MDV
induced inflammation creates a niche for the microbiota
differences we observed in the infected chicks. As MDV
induces T-cell lymphomas, our data suggest that by
destroying T cells, the GI tract provides the perfect envi-
ronment for nonspecific colonization, which in our case
occurs with phylum Proteobacteria, at the early stages of
infection when compared to uninfected birds (phylum
Firmicutes).

There is limited literature on dysbiosis caused by
viruses, but a recent study on the influence of simian
immunodeficiency virus (SIV) on the chimp microbiome
showed the selective enrichment of few phylotypes in the
gut flora after infection (Moeller et al., 2013). There are
many similarities with the present study in which MDV
was used to cause dysbiosis in the gut flora leading to
selection of few choice species of genera Lactobacillus.
Although MDV and SIV are different viruses (DNA her-
pesvirus and RNA retrovirus, respectively), they do have
some similar lines of pathogenicity such as immunosup-
pression and influence of inflammation. Both these
viruses (SIV and MDV) attack T cells and decimate the
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immune system of the host, leading to secondary changes
in immune function, which affects the gut microbiome of
the host. Furthermore, infection by MDYV leads to more
abundant OTUs in the infected samples compared with
the uninfected samples due to the availability of new and
expansion of old niches, as seen in the SIV and chimp
model (Moeller et al., 2013). The similarities end there
due to the differences in intensities of infection, patho-
genesis, and life cycles of these viruses.

MDV pathogenesis provides the necessary framework
for dysbiosis to occur in the chicken gut flora leading to
the enrichment of certain bacterial genera in total and
cecum of the birds. These phylotypes were Lactobacillus
(facultative anaerobic, rod-shaped bacterium), which was
present in both the total fecal and cecum samples and
Haemophilius (Gram-negative, coccobacilli bacteria) asso-
ciated with the total fecal samples. Lactobacillus are
Gram-positive, facultative anaerobic rod-shaped bacteria
that are present in the GI tract in small numbers and
produce probiotic regulators (Altermann et al., 2005) that
could help the host. Haemophilius have not been associ-
ated with the production of effector molecules but are
regarded as commensals in the gut, with the exception of
a few pathogenic strains, such as Haemophilius influenza.

To see whether the Lactobacillus sp. from two popula-
tions (total fecal vs. cecum samples) were identical, we
did a phylogenetic analysis of the sequences using clu-
stalW (Thompson et al, 1994). The sequences fell into
more than four groups, suggesting more than one type of
Lactobacillus species present in the chicken gut (data not
shown). Although traditionally Lactobacillus sp. has been
reported as a probiotic in the products such as yogurt,
there have been many reported cases in which Lactobacil-
Ius sp. has been associated with infections (Cannon et al.,
2005), suggesting the possibility that these strains of
genus Lactobacillus could be an opportunistic pathogen
that proliferates under a weakened immune system. Isola-
tion of these strains using traditional culture techniques
could shed light on the physiology and infective status of
these strains.

In the present study, using experimental inbred layer
birds as a model, NGS data reveals most sequences are
associated with phyla Firmicutes and Proteobacteria with
very few (< 10%) sequences found to be associated with
other phyla or unclassified in total and cecum samples.
Phyla Bacteroides, which are predominantly found in
most GI studies, were under represented in both the total
and cecum samples of the chicken. In most samples (total
or cecum), irrespective of days, phylum Bacteroides repre-
sented < 1% of the total sequences and therefore did not
make up the final data analysis.

In conclusion, the present study sheds light into the
relative new field of dysbiosis caused by virus on the host
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microbiome. The results presented in this study, show
dysbiosis to occur in the chicken gut flora due to MDV
infection. The change to the microbial population corre-
lates well with the early infectious stage of MDV and the
proliferation stage of the virus. Moreover, there was a spe-
cific enrichment of few select genera due to the infection
status of the birds. Due to the complexity of the viral life
cycle and the GALT system of the host, it is difficult to
pinpoint the exact mode of action of the virus on the mi-
crobiome, or if there was a direct or indirect effect of
either the virus or immune system mediated. Further-
more, microbiome changes to MDV occur in compart-
mentalized regions of the digestive system, like the ceca. A
more thorough examination of the different regions of the
chick gut could serve as a valid point of research sampling
in the future that could lead to the identification of select
microorganisms useful in diagnosis of MD in chicken.
More work is presently being undertaken to dissect the
role of cecal microbial communities and the GALT
immune system using a larger and more diverse approach.
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